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III ABSTRACT (ENGLISH) 
In chordates, the central nervous system (CNS) is derived from the dorsal part 
of gastrula. Induced dorsal part of the embryo - the neural plate - gives rise to the 
neural tube or primordial brain. 
The developing dorsal part of the embryo is shaped by BMP/Smad signaling 
from the ventral part. Using the basal chordate amphioxus, we show here the conserved 
evolutionary role BMP/Smad signaling in axial cell fate determination. Pharmalogical 
inhibition of BMP/Smad signaling induces dorsalization of Branchiostoma floridae 
(amphioxus) and Oryzias latipes (medaka) embryos and expansion of neural plate 
markers. We provide evidence for the presence of the positive regulatory loop 
within the BMP/Smad signaling network of amphioxus. Thus, our data suggest that 
early emergence of a positive feedback loop within the BMP/Smad signaling network 
may represent a crucial molecular event in the evolutionary history of the chordate cell 
fate determination. 
The dorso-ventral body axis formation is mediated by genes of the vent family, 
which are the direct targets of BMP/Smad signaling. The function of vent gene family 
in early development is relatively well known, however, its role in developing CNS 
is not yet clear. Therefore, we decided to manipulate vox transcription factor, a vent 
family member. Using medaka fish model, we show here the role of vox, in developing 
brain. The loss of function of vox does not lead to developmental defects, likely due 
to functional redundancy. Overexpression of vox shows that it interferes with the gene 
regulatory network during the maintenance stage of developing MHB. Collectively 
our data suggest that genes from the vent family, in addition to their crucial role 
in body axis formation, may play a role in regionalizing of vertebrate CNS. 
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IV ABSTRAKT (CZECH) 
Centrální nervová soustava (CNS) je u všech strunatců odvozena z hřbetní 
strany vyvíjejícího se embrya. Postupným vlivem signalizace vzniká z hřbetní strany 
neurální ploténka, ze které se následně vyvine budoucí mozek spolu s neurální trubicí.  
Budoucí CNS je formována účinkem BMP/Smad signalizační dráhy z břišní 
části embrya směrem k hřbetní. Konzervovanou roli této BMP/Smad signalizační 
dráhy v průběhu evoluce zde ukazujeme potvrzením jejího vlivu při stanovení 
buněčného osudu v rámci tělní osy i v případě bazálního strunatce Branchiostoma 
floridae (kopinatce). U kopinatce vede farmakologická inhibice BMP/Smad 
signalizační dráhy k rozšíření exprese genů typických pro neurální ploténku a k 
dorzalizaci embrya, stejně tak jako u ryby Oryzias latipes (medaka). Poskytujeme 
důkaz přítomnosti pozitivní autoregulace BMP/Smad signalizační dráhy u kopinatce. 
Zároveň naše data naznačují možnost časného vzniku pozitivní autoregulace 
BMP/Smad signalizační dráhy jako klíčové události v evoluční historii stanovení 
buněčného osudu u strunatců. 
Tvorba dorso-ventrální osy těla je zprostředkovány geny genové rodiny vent, 
které jsou přímým cílem BMP/Smad signalizace. Ačkoliv je funkce genů genové 
rodiny vent jako transpčních faktorů v rámci časného embryonálního vývoje poměrně 
dobře popsána, jejich role v rámci tvorby CNS doposud není jasná. Pro osvětlení této 
role jsme se rozhodli pro manipulaci člena vent genové rodiny – genu vox. 
Prostřednictvím rybího modelu zde ukazujeme roli vox ve vývoji mozku. 
Ztráta funkce genu vox nevede k vývojovým defektům, pravděpodobně díky 
redundanci genetické informace. Naopak zvýšená exprese genu vox v tzv.isthmu mezi 
středním a zadním mozkem v průběhu raného vývoje, ukazuje propojení s genovou 
regulační sítí. Společně naše data naznačují roli genů z genové rodiny vent při 




V AIMS OF THE STUDY 
During early embryonic development, the embryo is becoming asymmetrical 
and needs to distinguish position of body axis. In the gastrula-stage, the match 
between the dorsal and ventral sides is essential for patterning of tissues. 
To distinguish ventral and dorsal part of the body, the embryo requires BMP-like 
morphogens on ventral side, which antagonized the dorsal side of the embryo. This 
process is also mediated, by vent gene family. Although the role of BMP/Smad 
signalling and vent genes family in early development has been studied intensively 
in many model organisms, there is lack of data about the situation in basal chordates 
(e.g. Branchiostoma floridae). 
Vent family genes are transcription factors that bind DNA via homeobox 
domain and regulate expression of other genes. Their unique role during early 
development is relatively well known. Moreover, the new roles (e.g. in hematopoiesis 
or cancer) of vent family genes are emerging. vox, a member of vent family, helps 
specify non-neural ectoderm in teleost fish, however, its role during brain 
segmentation has never been described. Therefore, we manipulated vox gene in the 
teleost fish Oryzias latipes - medaka - to elucidate its function in one of the crucial 
signaling centres of developing brain, the isthmic organizer or midbrain-hindbrain 
boundary (MHB). MHB is a highly conserved vertebrate signaling center, acting 
to pattern and establish neural identities within the brain. 
 
Specific aims of my PhD thesis were the following: 
1. to investigate the evolution of BMP/Smad signaling pathway function 
during embryogenesis in Branchiostoma floridae (amphioxus). 






VI.1. BMP/Smad signalling 
Bone morphogenetic proteins (BMPs) belong to transforming growth factor-β 
(TGF-β) of superfamily ligands, which play important role in a myriad of biological 
activities (Bier and De Robertis 2015) such as pattern formation, morphogenesis, 
organogenesis, cell differentiation, homeostasis, regulation of iron and energy 
metabolism (Bier and De Robertis 2015; Reddi and Reddi 2009). The signaling is 
initiated by the interaction of BMP ligands with their heterodimeric receptors 
and elicits a variety of intracellular responses. BMPs signal via both the canonical, 
Smad-dependent pathway and various non-canonical pathways (Wang et al. 2014). 
In the canonical BMP Smad-dependent pathway, the BMP-receptor (BMPR) 
interaction results in the activation of Smad-mediated gene expression. In addition 
to Smads, BMPs also activate non-Smad (non-canonical) signalings, namely the 
mitogen-activated protein kinase (MAPK), influencing a family of molecules 
including p38 and ERK1/2 (Cao and Chen 2005; Reilly et al. 2005). Nevertheless, due 
to the complexity of BMP/Smad signaling and its broad engagement in various 
biological events, there are still many things that are not clarified. 
 
 
Canonical BMP/Smad signaling 
BMPs were originally discovered as extremely important morphogens due 
to their ability to activate the formation of cartilage and bone. BMPs have been 
extensively studied from 1960’s (Luyten et al. 1989; Urist 1965; Wozney 1992; 
Wozney et al. 1988) and to date, over 20 BMP family members have been identified 
and characterized (reviewed Bier and De Robertis (2015)). BMPs are now regarded as 
a group of pivotal morphogenetic signals that orchestrate tissue architecture all over 
the body. 
In the cell, the BMP molecules are first expressed as large precursors. These 
large molecules are then dissected at a dibasic site, and the C-terminal part with active 
domain is released. Before secretion, BMPs contain a signal peptide, pro-domain 
and mature peptide. Subsequent cleavage of the signal peptide, the precursor 
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protein undergoes glycosylation and dimerization. The mature bioactive dimeric BMP 
is secreted out of the cell and the pro-domain is cleaved by proteolytical cleavage. 
BMPs are secreted as either heterodimers or homodimers (Luyten et al. 1989). 
BMP signal is transduced into the cell by a heterotetrameric receptor complex 
(Fig.1), which consists of the serine/threonine kinase receptors type II and type I. 
BMPs can bind to each of the three subtypes of receptor type II, as well as the three 
subtypes of receptor type I. The cross-talk between the both BMP receptors (type II 
and type I) is indispensable for signal transduction. Three type II receptors for BMPs 
have been identified: BMPR-II and the activing receptors ActR-II and ActR-IIB (Bier 
and De Robertis 2015; Kawabata et al. 1995; Nohno et al. 1995; Yamashita et al. 
1995). Also, three type I receptors have been identified for BMP binding, namely 
BMPR-IA or ALK-3, BMPR-IB or ALK-6 and the activin receptor ActR-IA or ALK-
2 (Koenig et al. 1994; Macias-Silva et al. 1998; ten Dijke et al. 1994). While BMPR-
IA, IB, II are BMP-specific, ActR-IA, II, and IIB receptors are also signaling for 
activin (another TGF-β ligand). The expression of these receptors varies in different 
tissues. When BMP dimers bind the extracellular domain of the type II receptors they 
induce a conformational change. The serine/threonine kinase domains of type II 
receptors, which are constitutively active, phosphorylate type I receptors at the 
glycine-serine domains that leads to the activation of type I receptor kinases. 
The heterotetrameric-activated receptor complex consists of two pairs of type 
II and type I receptors (Bier and De Robertis 2015; Moustakas and Heldin 2002). This 
leads to the involvement of the pathway restricted intracellular proteins - Smads. 
Smad1/5/8 directly and transiently interacts with activated BMP receptors type I, 
which phosphorylate Smads at the C-terminal SSXS motif (Chen et al. 1997; Hoodless 
et al. 1996; Nishimura et al. 1998). Phosphorylated Smads are subsequently released 
from the receptor and physically interact with Smad4 to form a heteromeric complex. 
Smad4 is a common Smad mediator and acts as a shared partner. This heteromeric 
Smad complex is translocated into the nucleus where triggers the transcription 
of specific target genes (Heldin et al. 1997). Smad1/5 can also bind to DNA directly – 
without Smad4, however, the affinity is relatively low. For direct DNA binding, the 
interaction of Smad1/5 with sequence-specific DNA binding proteins is critical 
(Derynck et al. 1998). It has been reported that Smad1/5 interacts with the transcription 
factor (TF) Runx2 (Hanai et al. 1999; Lee et al. 2000; Moon et al. 2014; Zhao et al. 
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Fig.1. Model of BMPs signaling. BMPs initiate the signal transduction cascade by binding to type 
II and I receptors and forming activated heterotetrameric complex. Left: In non-canonical BMP 
signaling: various pathways, including the MAPK cascade, can lead to regulation of gene expression. 
Right: In the canonical pathway, and the type I receptor phosphorylates the Smad1/5/8 which then 
associates with the Smad4. The heterodimeric Smad complex translocates to the nucleus, to regulate 
gene expression. BMP signaling is modulated in the nucleus (with co-activators or co-repressors) 
extracellularly (e.g., Noggin), intracellularly (e.g., FKBP12, microRNAs, phosphatases, and I-
Smads), and by co-receptors in the plasma membrane (e.g., Endoglin). Dorsomorphin inhibits BMP 
signaling through the Smad pathway, likely by affecting BMP receptor type I kinase activity (adopted 
from Wang et al. (2014)). 
 
BMP/Smad signaling is modulated by diverse proteins at distinct points 
and contains positive/negative feedback loops. At the level of initiation of the 
signaling cascade, secreted antagonists, such as Cerberus, Dan, Gremlin and Noggin, 
specifically bind BMPs and form extracellular complexes. These protein inhibitors act 
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upstream from receptors and block both Smad-dependent and Smad-independent 
signaling. 
In the intracellular compartment, the signal can be modulated by the activation 
of inhibitory proteins such as Smurf1 or Smad6/7. In the nucleus, there are many co-
activators needed for the activation of specific target genes, whose activity can be 
inhibited by co-repressors (Kawabata et al. 1998). 
Overall BMP/Smad signaling is involved in many biological processes, one 
of which is its fundamental role in early body axis formation.  
Introduction 
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VI.2. Dorsoventral body axis formation 
During early embryonic development, embryo is becoming asymmetrical 
and needs to distinguish position of body axis. To distinguish ventral and dorsal part 
of the body, the embryo requires on one side BMP-like morphogens, and on the other 
side their inhibitors. Dorsal fate is supported via BMP inhibitors that act in an 
overlapping manner (Khokha et al. 2005). On the embryonic ventral side, the BMP 
molecules are expressed and work together to promote ventral fates (Reversade et al. 
2005). The match between the dorsal and ventral sides, where each is antagonizing the 
other, is essential for patterning of tissues in the gastrula-stage. BMP signaling triggers 
transcription of downstream genes via activation of Smad proteins. But how can 
transcriptional activators such as BMPs downregulate the expression of genes 
at dorsal side? BMP signaling activate a set of transcriptional repressors, members 
of the vent gene family. Vent family genes inhibit the expression of the organizer 
genes encoding the BMP inhibitors. On the contrary, BMP inhibitors, secreted 
dorsally, prohibit the BMPs from inducing ventral fate by blocking the spherical 
interaction of BMPs with their receptors. This cross-talk creates gradient of BMP 
signaling from ventral to the dorsal sides of the embryo. Moreover this distinction is 
crucial for subdividing different fates of the germ layers. 
The upper part of embryonic body is subdivided into neuroectoderm on the 
dorsal side and epidermis on the ventral side. From the equatorial part of the embryo, 
the dorsal side is predetermined to differentiate into head mesoderm and notochord, 
whereas, the ventral side gives rise to somites (Kimelman and Pyati 2005). 
 
Dorsoventral patterning 
Establishment of dorso-ventral (D/V) axis in vertebrates involves a number 
of factors: signaling molecules (i.e., TGF-β and Wnt factors), their protein antogonists 
e.g chordin (chd), dickkopf (dkk) and TFs (e.g. vent family genes and β–catenin) 
(Glinka et al. 1998; Glinka et al. 1997; Hashimoto et al. 1999; Larabell et al. 1997; 
Van Hul et al. 2002). In Xenopus and Danio rerio (zebrafish), the very first asymmetry 
is organised by the unequal distribution of β–catenin molecules. Increased 
concentration of β–catenin at the dorsal side is caused by its translocation and partially 
unknown determinants from the vegetal pole (Jesuthasan and Stahle 1997; Larabell et 
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al. 1997; Mizuno et al. 1999; Sokol 2015). The action of β–catenin as an important 
transcription cofactor introduces the (D/V) body axis specification. The initial 
expression of dorsal-specific genes, such as bozozok/dharma (boz) in zebrafish, is 
triggered by the cooperation of HMG-box factor Tcf/Lef with β–catenin. boz, directly 
co-regulated by β–catenin, acts as transcriptional repressor and represses several genes 
that help to specify the ventral part of the body (Bier and De Robertis 2015; Fekany et 
al. 1999; Koos and Ho 1999; Yamanaka et al. 1998). This fact has been supported by 
the analysis of a zebrafish boz mutant that possesses defected dorsoanterior parts of the 
body. It has been reported that this factor represses BMP and Wnt signaling in the 
anterior neuroectoderm (Solnica-Krezel and Driever 2001), whereas the ventralizing 
activity of the body is triggered by TGF-β and especially, BMPs family (Balemans and 
Van Hul 2002). The ventralizing potential of bmp2, bmp4, or bmp7 and of their 
transducers, smad1 and smad5, was confirmed by the gain of function approach 
in Xenopus laevis, (Piccolo et al. 1996; Reversade et al. 2005; Wessely et al. 2004); on 
the other hand, depletion of BMP signaling determines a dorsalizing effect (Fig.2). 
Similar studies confirmed the role of BMP/Smad signaling using zebrafish various 
mutants of the (bmp2, bmp7, smad5, alk8) (Bauer et al. 2001; Dick et al. 2000; Hild et 
al. 1999; Kishimoto et al. 1997; Kodjabachian et al. 1999; Martinez-Barbera et al. 




Fig.2. BMP signaling establishes a self-regulating morphogenetic field. Simplified model for the 
creation of a ventral-dorsal BMP gradient (indicated by the grey triangle). Ventral BMPs and dorsal 




Spemann organizer is a secreting centre of dorsalizing factors, such as Noggin, 
Follistatin, and Chd. These factors bind and block the ventralizing activity of BMP 
proteins (Piccolo et al. 1996; Sasai et al. 1994; Zimmerman et al. 1996). The activity 
of chd is tightly regulated by the metalloprotease Tolloid that cleaves Chd protein, 
thereby indirectly promoting BMP signaling (Berry et al. 2010). The role 
of chd has been studied using zebrafish chordino mutant, in which the ventralizing 
effect is demonstrated as an enlarged ventral region at the expense of the head and the 
anterior part of the trunk (Gonzalez et al. 2000; Hammerschmidt et al. 1996; Mullins 
1999; Schier 2001; Schulte-Merker et al. 1997). At the end of gastrulation, the embryo 
is subdivided to the ventral and dorsal side. The embryonic neural tube and later the 
central nervous system will be formed from the dorsal side. 
 
VI.3. Early brain development and midbrain-hindbrain boundary 
The central nervous system (CNS) arises from the dorsal side of the vertebrate 
gastrula. It is induced by a combination of signals that arise from the posterior 
margin of the embryo and later from the gastrula organizer. Subsequently, neural tube 
is formed from the induced neural plate (reviewed in Wurst and Bally-Cuif (2001)). 
This tube is subdivided along its antero-posterior (A/P) axis into four major divisions: 
the forebrain, the midbrain, the hindbrain and the spinal cord. “Classical” experiments, 
which consisted of cutting and pasting different pieces of the neural tube in different 
orientations and locations, had identified two such signaling centres. One of them is 
the anterior neural ridge, which lies at the junction between the prospective forebrain 
and the anterior ectoderm, and is necessary for the preservation of forebrain. The 
second signaling centre is midbrain-hindbrain boundary (MHB). The spatio-temporal 
expression patterns of MHB genes seem to be broadly conserved throughout 
evolution. Slight differences exist among species, notably when comparing the onset 
of expression of the different genes (e.g. pax2 or fgf8). MHB lies at the junction 
between the midbrain and hindbrain, and is necessary and sufficient for the 
development of mesencephalic and metencephalic structures. Formation of the MHB 
organizer is traditionally thought of as comprising three stages, namely positioning, 
induction and maintenance (reviewed in Wurst and Bally-Cuif (2001) and Dworkin 




Patterning of the primordial brain begins shortly after gastrulation, when the 
neural plate begins to form. During the neurulation process of teleost fish, the neural 
plate firstly transforms into a transient structure called neural keel, which later gives 
rise to the neural rod (approximately at 5-somite stage). Finally, the neural tube forms 
at 10-somite stage. The neural keel is regionalized both across the D/V and the (A/P) 
axis. Later on, the neural rod is divided into three primary brain regions: the forebrain, 
the midbrain and the hindbrain, as a result of intensive signaling cross-talk. D/V 
patterning of the neural rod (neural tube) is controlled via ventralizing signals – SHH 
from notochord cells - and via dorsalizing signals – mainly BMP4 from epidermal 
ectoderm (Echelard et al. 1993; Lee and Jessell 1999). A/P patterning, on the other 
hand, is organized by local signaling centers (Echevarria et al. 2003; Jessell and Sanes 
2000). One of them is a group of cells at the MHB, also called the isthmic organizer 
(Houart et al. 1998; Wilson and Houart 2004; Wurst and Bally-Cuif 2001). MHB is 
both required and sufficient for the cell fate induction of the surrounding tissues, which 
are later developed into mesencephalic and metencephalic regions (Liu and Joyner 
2001; Raible and Brand 2004; Wurst and Bally-Cuif 2001). This junction is 
established, induced and maintained by the expression of several TFs, most notably 
otx, gbx, pax and en, and signaling molecules from Wnt and Fgf families. These 
factors have been found in all studied vertebrate species and are often regarded as the 
core MHB cascade (reviewed in Dworkin and Jane (2013) and Wurst and Bally-Cuif 
(2001)). 
In vertebrates, the establishment of MHB is determined at the borders of the 
expression domains of homeobox (HB) transcription repressors from the otx 
(orthodenticle homologue) and gbx (gastrulation brain HB) families. In zebrafish, 
MHB positioning is specified at the interface of the expression domains of HB TFs 
otx2 (presumptive midbrain) and gbx1 (presumptive hindbrain) (Rhinn et al. 2009; Su 
et al. 2014). Positioning of the MHB primordium (otx2/gbx1 borders) in the zebrafish 
neural plate is mediated by Wnt signaling from the precursors of lateral mesendoderm 
(Rhinn et al. 2009; Rhinn et al. 2005), and not the primordial notochord - axial 
mesendoderm - as it was thought before. One of the critical molecules of the 
developing MHB is fgf8. The onset of fgf8 expression is triggered during early neural 
plate at the presumptive MHB region. fgf8 enhances the expression of gbx1/2, which 
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then repress the activity of otx2 (Liu and Joyner 2001; Sato and Joyner 2009). Most 
interestingly, Fgf8 can be still detected within the neuroectoderm in the absence of all 
these factors, indicating that otx/gbx1/2 border rather than inductive region, may serve 
as re-shaper of the fgf8 expression (Su et al. 2014). Once the expression of otx2/gbx1 
is established, the induction step of MHB with three parallel signaling pathways 
involving pax, wnt and fgf is triggered (Fig.3) (Canning et al. 2007; Lun and Brand 
1998; Rhinn and Brand 2001). 
 
 
Fig.3. Gene expression patterns at the MHB. (a-c) Dorsal view of developing mouse brain, 
anterior to the top. (d) The onset of expression MHB genes in mouse and zebrafish. Ms, 
mesencephalon; Mt, metencephalon; P, prosencephalon; r, rhombomeres; symmetry axis - dashed 





Expression of these genes is also called core-MHB cascade.The secreted factor 
Wnt1 is first expressed largely across the entire midbrain before it becomes restricted 
to the otx2-positive territory (Bally-Cuif et al. 1995), whereas Pax2 expression crosses 
the otx2/gbx2 border (Rowitch and McMahon 1995). 
Experiments in the chicken, using beat or graft transplantation approach, 
indicated that Fgf8 possesses inductive potential. Ectopic presence of Fgf8 induces the 
MHB cascade and organizes surrounding tissues, leading to the formation of both the 
tectum and the cerebellum (Crossley et al. 1996). However, zebrafish lacking fgf8 do 
not form cerebellum (Reifers et al. 1998). These data show that the gradients of Fgf8 
expression must be critically regulated. Nevertheless, the core-MHB cascade is still 
initiated in animals lacking Fgf8 (Chi et al. 2003; Reifers et al. 1998), although the 
expression of core-MHB genes is not subsequently maintained. Slightly later, en2, en3 
and en1, as well as pax2.2, pax5 and pax8 are expressed across MHB (Lun and Brand 
1998). After the initiation phase, fgf8 expression is positively regulated by gbx2, while 
otx2 and gbx2/fgf8 regulate each other negatively, and these interactions lead to the 
establishment and maintenance of sharp expression borders (Rhinn et al. 2003). 
Concomitantly, the expression regions of fgf8, wnt1, en1/2/3, pax2.1/2.2/5/8 become 
interdependent and establish a positive regulatory loop that is required for maintaining 
the midbrain-hindbrain identity (Fig.4) (Dworkin and Jane 2013; Wittmann et al. 2009; 
Wurst and Bally-Cuif 2001). 
 
 
Fig.4. Scheme of MHB genes interactions. Arrowheads represent positive regulation. Bars 




The maintenance of MHB relies on continuous interactions of the core MHB 
factors, namely fgf8, wnt1, en1/2, pax2.1 (Dworkin and Jane 2013; Joyner et al. 2000; 
Rhinn and Brand 2001; Wurst and Bally-Cuif 2001). Perturbation of any gene from 
this GRN has no crucial effect on the induction, however, it will lead to severe defects 
in the maintenance of the isthmic organizer (Dworkin and Jane 2013; Joyner et al. 
2000; Rhinn and Brand 2001; Wurst and Bally-Cuif 2001). Other TFs (pou2, Brn1, 
Sef, Tapp1, etc.), various signaling pathways and non-coding RNAs have also been 
discovered to operate upstream of the MHB cascade. The regulation of MHB cascade 
seems to be more complex and also the function of large number of genes that have 




VI.4. Vent family genes 
VI.4.1. Overview 
Genes belonging to the Vent family encode TFs that belong to NK-like class, 
from the antennapedia superclass, which is a subgroup of Homeodomain superfamily. 
A primary function of HB proteins is transcriptional regulation of other genes during 
development and differentiation. HB TFs from the vent gene family are known 
as important players in the formation of the ventral mesoderm during early 
development, whereas present work on vent family genes is suggesting new roles 
in endoderm specification, hematopoiesis even in maturation of dendritic cells 
and malignant myelopoiesis.  
 
VI.4.2. Vent family genes as members of homeodomain superfamily 
The homeodomain or HB is a DNA binding domain, hence HB proteins are 
essentially TFs. They have been shown to play major role in many developmental 
processes of animals, as well as of fungi and plants. A primary function of HB 
proteins is to regulate the expression of other genes in development 
and differentiation. The HB is described as a conserved DNA motif of approximately 
180 base pairs and encodes the about 60 amino acid long (Larroux et al. 2007). The 
first genes found to encode HB proteins were homeotic genes from Drosophila, from 
which the name “homeo” box was derived (Burglin 2011; Laughon and Scott 1984). 
Nevertheless, not all HB genes are homeotic genes, and not all homeotic genes are HB 
genes (Burglin 2011). Vent family genes belong into antennapedia HB superclass. 
In antennapedia superclass, a number of genes are organized into gene clusters, i.e. the 
HOX cluster, and the NK cluster, however, many of genes are referred 
to as “dispersed”. These genes do not encode large conserved domains outside of the 
HB, but only small motifs. Vent family genes belong intodispersed NK-like class with 
families like BarHl, Barx, Bsx, Dbx, Dlx, Emx, possibly En, Hhex, Hlx, Nanog, 




VI.4.3. Vent genes family in dorsoventral patterning 
Vent genes family play role in early development and differentiation 
of embryonic body. Body axis formation is regulated by the orchestrated action 
of different TFs and signaling molecules. BMP signaling pathway plays crucial role 
in the control of D/V patterning of every bilateral embryo. This process is mediated, 
by the vent-like genes (Imai et al. 2001; Kawahara et al. 2000a; Kawahara et al. 2000b; 
Shimizu et al. 2002). 
The pioneer experiments were done on Xenopus, however, the latest studies 
have been performed on zebrafish. Zebrafish possesses three vent family genes, vox 
(vega1), vent (vega2) and ved, which encode transcriptional repressors implicated 
in patterning the D/V axis as well (Gilardelli et al. 2004; Imai et al. 2001; Kawahara 
et al. 2000a; Kawahara et al. 2000b; Melby et al. 2000; Shimizu et al. 2002). ved has 
a maternal expression and the onset of embryonic expression of vox, vent and ved is 
triggered by the maternally expressed TF Runx2b (Flores et al. 2008). Another gene 
that is involved in the direct activation of vox at late blastula and gastrula stages is the 
TF Pou5f1 (Belting et al. 2011). After zygotic genome activation, vox is expressed 
in all blastomeres and, at dome stage, is down-regulated in the dorsal cells and in the 
yolk syncytial layer cells. vent is activated later, at sphere stage (late blastula), in the 
ventrolateral region (Kawahara et al. 2000b; Melby et al. 2000). The expression is later 
maintained by Wnts until the mid-gastrula stage (Ramel and Lekven 2004; Varga et 
al. 2007). The positive autoregulatory loop between BMP pathway and vox/vent genes 
is established at mid-gastrula stage (Imai et al. 2001; Kawahara et al. 2000a; Kawahara 
et al. 2000b; Melby et al. 2000; Ramel and Lekven 2004), whereas at earlier stages 
vox, vent and ved are relatively independent of BMP signaling. ved, vox and vent are 
negatively regulated by bozozok/dharma and inhibit expression of the organizer genes. 
In addition, loss of function experiments have shown that these vent family genes have 
redundant functions in the organization of the dorsal region of the embryo (Shimizu et 
al. 2002). Possible downstream genes are dorsal genes, such as dkk1, squint, cyclops, 
floating head, chd and goosecoid (Kawahara et al. 2000a; Kawahara et al. 2000b; 
Melby et al. 2000). Although vent and vox can control analogous or same target genes, 
differences in the activities of these vent family genes in overexpression assays 
indicate that these TFs may have different regulatory functions (Kawahara et al. 2000a; 
Kawahara et al. 2000b; Melby et al. 2000). 
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Vent family genes, among which vox, belong to a group of HB TFs that play 
a significant role during early development. Overexpression of these genes leads 
to strong ventralization of zebrafish embryos (Gilardelli et al. 2004). vox and other 
members of the vent family act as transcriptional repressors (Gilardelli et al. 2004; 
Kozmikova et al. 2013; Zhao et al. 2013). The role of the vox gene (or vent family 
genes) has been relatively well studied during early development, nevertheless, it is 
largely unknown during later developmental stages. 
 
VI.4.4. New roles of vent family genes 
Recently, VentX, the human homolog of vent family genes, has been located 
in the syntenic regions of dog and chicken genomes, but not of mouse and rat, 
probably due to loss of HB genes in the ancestry of rodents, rather than in the ancestry 
of human (Zhong and Holland 2011). VentX has been defined as a novel 
hematopoietic TF controlling differentiation and proliferation of hematopoietic 
and immune cells (Gao et al. 2007; Gao et al. 2012; Wu et al. 2011a). Initially 
identified as a novel Tcf/Lef associated antagonist of the canonical Wnt signaling 
in Xenopus development, VentX was found to be an activator of the p21/p53 
expression and p16ink4a/Rb tumor suppression pathways (Gao et al. 2010; Wu et al. 
2011b). The critical role of VentX was indicated also in the development of 
hematopoietic cells where plays role in controlling the proliferation and differentiation 
of CD34 cells as well as monocytes to macrophage terminal differentiation (Gao et al. 
2012; Wu et al. 2011a). Latest data also suggest that VentX might be a key regulator 
of dendritic cells (antigen presenting cells) differentiation and maturation (Wu et al. 
2014). 
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VII RESULTS AND DISCUSSIONS 
VII.1. Comments on presented publications 
 
Kozmikova I, Candiani S, Fabian P, Gurska D, Kozmik Z. 
Essential role of Bmp signaling and its positive feedback loop in the early cell fate 
evolution of chordates. 
Dev Biol. 2013 Oct 15;382(2):538-54. 
 
During development, early separation of cell fate domains in chordates occurs 
prior to the final specification of ectoderm to neural and non-neural, as well 
as of mesoderm to dorsal and ventral part. Maintenance of such division through the 
establishment of an exact border between the domains is required for the formation 
of highly differentiated structures such as notochord or neural tube. 
We hypothesized that the key condition for efficient cell fate separation in the 
chordate embryo is the presence of a positive feedback loop for BMP/Smad signaling 
within the GRN that underlies early axial patterning. We wanted to investigate the 
evolution of BMP/Smad signaling pathway function during embryogenesis at the 
invertebrate-to-vertebrate transition, therefore we performed a study of the role of this 
pathway at embryonic stages in Branchiostoma floridae (amphioxus). Amphioxus is 
a suitable model organism to address evolutionary questions of early embryological 
development because of its unique position in the chordate tree. Moreover, amphioxus 
genomic, morphological, and developmental attributes are probably deeply analogous 
to those of the chordate ancestor. Here, we investigated the role of BMP/Smad 
signaling in axial cell fate determination in amphioxus. Pharmacological inhibition 
of BMP/Smad signaling induces dorsalization of both Oryzias latipes (medaka) and 
amphioxus embryos and expansion of neural plate markers. This is consistent with an 
ancestral role of BMP/Smad signaling in chordate body axis patterning and neural 
plate formation. Furthermore, we provide confirmation for the presence of the positive 
regulatory loop within the BMP/Smad signaling network of amphioxus. Using 
mRNA microinjections, we found in contrast with vertebrate Vent genes, which 
trigger the expression of Bmp4, amphioxus Vent1 is probably not responsible for 
activation of the cephalochordate ortholog Bmp2/4. Cis-regulatory analysis 
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of amphioxus Bmp2/4, Admp and Chd promoters in medaka fish embryos revealed 
notable conservation of the gene regulatory information between basal chordates 
and vertebrates. 
Our data suggest that appearance of a positive regulatory loop within the 
BMP/Smad signaling network may represent a crucial molecular event in the 
evolution of the chordate cell fate determination. 
Author’s contribution: I did the cloning of admp gene, RNA in situ 
hybridization on medaka fish embryos, as well as inhibition of BMP pathway 
using dorsomorphin on medaka.  
 
 
Fabian P, Pantzartzi CN, Kozmikova I, Kozmik Z. 
vox homeobox gene: a novel regulator of midbrain-hindbrain boundary development 
in medaka fish. 
Dev Genes Evol. 2016 
 
Induction of the neural plate is considered the initial step in the development 
of the CNS. Patterning of the primordial brain begins shortly after gastrulation, when 
the neural plate begins to form. The MHB is one of the key organizing centers of the 
vertebrate CNS. Its patterning is governed by a well-described gene regulatory 
network GRN, involving several TFs, namely pax, gbx, en and otx, together with 
signaling molecules of the Wnt and Fgf families. 
Here we describe the onset of these markers in medaka early brain 
development in comparison to previously known Danio rerio (zebrafish) expression 
patterns. Moreover, we show for the first time that vox, a member of the vent gene 
family, is expressed in the developing neural tube similarly to CNS markers. The role 
of the vox gene (or vent family genes) has been relatively well studied during early 
development, nevertheless, it is largely unknown during later developmental stages. 
Our aim was to investigate the role of the vox HB gene in the early brain development. 
We specifically address the relationship between vox and the MHB program. We 
performed synteny and sequence conservation analysis to validate the identity of the 
medaka vox ortholog. We described its expression pattern during embryogenesis 
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and placed it into the framework of known brain markers. The loss of function of vox 
did not lead to developmental defects, likely due to functional redundancy. Using 
a heat-shock inducible vox line of medaka, we show that vox interferes with the GRN 
during the maintenance stage of developing MHB. Overexpression of vox leads 
to profound changes, most notably of fgf8, a crucial organizer molecule of MHB. 
Our data suggest that genes from the vent family, in addition to their crucial 
role in body axis formation, may play a role in regionalizing of vertebrate CNS.  
Author’s contribution: I performed all the experiments, except the 
generation of the medaka heat-shock inducible vox line.  
 
 
Fabian P, Kozmikova I, Kozmik Z, Pantzartzi CN. 
Pax2/5/8 and Pax6 alternative splicing events in basal chordates and vertebrates: 
a focus on paired box domain. 
Front Genet. 2015 Jul 2;6:228. 
 
Pax genes belong to a family of TFs, which contribute to embryonic 
development, and illustrate phylogenetically conserved functions, as evidenced by 
various animal models. The number of Pax homologs varies among species studied so 
far, due to gene and genome duplications which have affected Pax genes family. Pax 
genes have been identified in chordates, based on sequence similarity and functional 
domains, into four classes - namely Pax1/9, Pax2/5/8, Pax3/7, and Pax4/6. Many 
splicing events have been reported mainly for Pax6 and Pax2/5/8 genes. Of significant 
interest are those events that lead to Pax proteins with assumed novel properties, e.g. 
modified DNA-binding or transcriptional activity. 
In the current study, a thorough analysis of Pax2/5/8 splicing events from 
cephalochordates and vertebrates was performed. We focused more on Pax2/5/8 
splicing events in which the paired domain is involved. Three new splicing events were 
identified in medaka Pax2.1 and Pax2.2 genes, one of which seems to be conserved 
in Acanthomorphata. Using representatives from protostome and deuterostome phyla, 
a comparative approach of the Pax6 exon-intron structure of the paired domain 
was performed, during an attempt to calculate the time of appearance of the Pax6(5a) 
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isoform. As shown in our analysis, this splicing event is unique for Gnathostomata 
and is absent in the other chordate subphyla. Moreover, expressions of alternative 
spliced variants were compared between cephalochordates and fish species. 
In summary, we identified three new splicing variants in medaka Pax2 genes, 
one of which seems to be highly conserved in Acanthomorphata. We identified a re-
occurring splicing event in medaka and zebrafish Pax6 genes, generating the exon (5a) 
insertion. Our data indicate expansion of alternative splice variants in the paired box 
region of Pax6and Pax2/5/8 genes during the course of vertebrate evolution 
Author’s contribution: I prepared RNA samples from defined stages of 
medaka and zebrafish development and performed the RT-PCR experiment. 
 
 
Liegertová M, Pergner J, Kozmiková I, Fabian P, Pombinho AR, Strnad H, Pačes J, 
Vlček Č, Bartůněk P, Kozmik Z. 
Cubozoan genome illuminates functional diversification of opsins and photoreceptor 
evolution. 
Sci Rep. 2015 Jul 8;5:11885 
 
Numerous animals sense light for vision and nonvisual photoreception. Light 
is captured by an eye which consists of opsin-based photopigment current in 
a photoreceptor cells. Cnidaria are probably the most basal phylum containing 
a camera type visual system. The evolutionary history of opsin genes in the animal 
kingdom has not yet been answered. 
First, we have investigated the evolution of animal opsins by genome-wide 
approach of the box jellyfish Tripedalia cystophora, a cnidarian having complex lens-
containing eyes and minor photoreceptors. A large number of opsin genes with 
distinct tissue- and stage- specific expression were identified. Our phylogenetic 
analysis classifies cubozoan opsins as a sister group to c-opsins and presents lineage-
specific expansion of the opsin gene collection in the cubozoan genome. Functional 
analyses show evidence for the use of the Gs-cAMP signaling pathway in a small set 
of T. cystophora opsins, indicating the probability that the majority of other cubozoan 
opsins signal via distinct but not yet identified signaling pathway. Moreover, these 
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tests uncovered fine differences among individual opsins, suggesting possible fine-
tuning for specific photoreceptor tasks. Moreover, the loss of phototactic behavior 
of living medusa, using pharmacological inhibition of the Gs-cAMP signaling 
pathway, unveiled its physiological role in vision. 
Overall, our phylogenetic, expression, biochemical and behavioral analysis 
suggests that cnidarian intron-less opsins might have been derived from an ancient 
eumetazoan ciliary-like opsin possessing introns, by retro-transposition. Once 
docked in the genome, the ancient cnidopsin gene underwent multiplication, 
diversification and sensitivity modification. Individual opsins were thus 
accommodated for distinct functions in varied tissue photoreceptors - ocular, 
extraocular and larval. These opsins differ in stage- or tissue-specific expression, 
primary assembly and also in following cellular signaling – either via Gs-cAMP 
pathway or other G-protein pathways. 
Author’s contribution: I prepared the Tripedalia cystophora culture, I 
collected animal samples that were used for qRT-PCR experiments 
and performed the behavioral phototaxis test.  
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VIII  CONCLUSIONS 
One of the goals of this study was to look into whether BMP signaling is 
required for axial patterning and for cell fate in the amphioxus embryo. In specific, we 
wanted to investigate if the BMP positive feedback loop is present in amphioxus 
similarly as in vertebrates, where it is directly linked to early separation of cell fates 
leading to the development of a CNS and chorda. 
We have studied the role of the vox HB gene in brain development. We have 
specifically addressed the relationship between vox and the MHB program. We have 
used fish Oryzias latipes (medaka), an important model in studies of vertebrate 
development and comparative genomics. We have performed synteny and sequence 
conservation analysis to validate the identity of the medaka vox ortholog. We have 
described its expression pattern during embryogenesis and placed it into the 
framework of known brain markers. Using a heat-shock inducible vox line of medaka 
we have shown that vox interferes with the GRN during the maintenance stage 
of developing MHB. Based on our data, we propose a novel function for the vox gene 
as a negative regulator of fgf8, a pivotal organizer molecule of MHB. 
Further, we also sought to identify splicing events in Pax6 and Pax2/5/8 
classes that influence the paired domain and study the expressions of these alternative 
spliced transcripts in chordates. We detected three new splicing events in medaka 
Pax2 genes, one of which suggests to be highly conserved in Acanthomorphata. We 
identified a re-occurring splicing variant in medaka and Danio rerio (zebrafish) Pax6 
genes using the exon (5a) insertion. 
In addition, we have characterized a complement of 18 opsin genes 
in cubozoan jellyfish T. cystophora by whole-genome analysis. Based on 
phylogenetic, expression and biochemical approaches we assume that rapid lineage- 
and species-specific duplications of the opsin genes and their following functional 
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